Abstract: Series of thirteen 1-[(2-chlorophenyl)carbamoyl]naphthalen-2-yl carbamates and thirteen 1-[(2-nitrophenyl)carbamoyl]naphthalen-2-yl carbamates with alkyl/cycloalkyl/arylalkyl chains were prepared and characterized. Primary in vitro screening of the synthesized compounds was performed against Staphylococcus aureus, two methicillin-resistant S. aureus strains, Mycobacterium marinum, and M. kansasii. 1-[(2-Chlorophenyl)carbamoyl]naphthalen-2-yl ethylcarbamate and 1-[(2-nitrophenyl) carbamoyl]naphthalen-2-yl ethylcarbamate showed antistaphylococcal (MICs = 42 µM against MRSA) and antimycobacterial (MICs = 21 µM) activity against the tested strains comparable with or higher than that of the standards ampicillin and isoniazid. In the case of bulkier carbamate tails (R > propyl/isopropyl), the activity was similar (MICs ca. 70 µM). Screening of the cytotoxicity of both of the most effective compounds was performed using THP-1 cells, and no significant lethal effect was observed (LD 50 >30 µM). The structure-activity relationships are discussed.
Introduction
Infectious diseases represent an increasing worldwide threat. The number of untreatable diseases decreased after the 1950s due to the introduction of new antimicrobial agents. However, since the 1980s, morbidity has risen again. The increase in the number of new infections is caused by general immunosuppression, a significant increase in the number of diabetic or HIV-positive patients, and the development of resistance to commonly used drugs. The resistance of common pathogens to first-choice drugs increased by up to 100% during the last few decades. Moreover, the resistance of some strains to second-or third-choice drugs can be found. Development of cross-resistant and multidrug-resistant strains is a serious global problem. Selection of resistant pathogens is especially caused by irrational and unavailing application of anti-invasive agents in human, veterinary medicine, and in agriculture [1] [2] [3] [4] . Resistance may complicate the treatment of infections regardless of how mild these infections were at the early stage [5, 6] . This increasing resistance highlights the urgency of designing new effective anti-invasive drugs and developing strategies focused on overcoming drug resistance [5] [6] [7] [8] [9] .
The discovery of salicylanilides dates back to early phenol applications; currently, salicylanilides are well-known organic compounds exhibiting a broad spectrum of biological activities such as anthelmintic, antibacterial, antimycobacterial, and antiviral, among others. Salicylanilides have been described to affect a wide range of targets, although the appropriate mechanism of action responsible for overall biological activities of these compounds has not been proposed so far. Thus, salicylanilides seem to be promising candidates for antibacterial agents, which could be a solution to the resistance challenges [10] [11] [12] [13] [14] [15] [16] [17] .
In addition, the presence of an amide (-CONH-) or carbamate (-OCONH-) group with a hydrophobic residue in its close vicinity is characteristic not only of a number of clinically used drugs [18] , but also applied pesticides [19] . These moieties are important functional groups that are able, due to their electron properties, to interact and bind with a number of enzymes/receptors and, by means of these target sites, affect the biological response. The properties of the amide and the carbamate moieties can easily be modified by various substitutions [20, 21] . Therefore, the reason for the widespread occurrence of amides and carbamates among new biologically active compounds is obvious [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] .
1-[(2-Substituted phenyl)carbamoyl]naphthalen-2-yl carbamates, described in the present work, can be considered as cyclic analogues of salicylanilides that have expressed promising results as potential antibacterial and antimycobacterial agents ( [14] [15] [16] [17] , and refs. therein). Pattern compounds of these carbamates-N-(2-chlorophenyl)-2-hydroxynaphthalene-1-carboxamide (1) and N-(2-nitrophenyl)-2-hydroxynaphthalene-1-carboxamide (2) showed antimycobacterial or antibacterial activity with insignificant cytotoxicity on human cells in the previous screening [30] ; therefore, the aim of this contribution was to describe the preparation of various alkyl, cycloalkyl, and arylalkyl carbamates and the investigation of their antimicrobial activity.
Results and Discussion

Chemistry
All the studied compounds were prepared according to Scheme 1. In the first step, N-(2-chlorophenyl)-2-hydroxynaphthalene-1-carboxamide (1) and N-(2-nitrophenyl)-2-hydroxynaphthalene-1-carboxamide (2) were synthesized by the microwave-assisted method [30] . In the second step, a modified method using triethylamine for activation of the phenolic group was used [24] . The addition of activated compounds 1 and 2 to appropriate alkyl, cycloalkyl, and arylalkyl carbamates yielded a series of thirteen to second-or third-choice drugs can be found. Development of cross-resistant and multidrug-resistant strains is a serious global problem. Selection of resistant pathogens is especially caused by irrational and unavailing application of anti-invasive agents in human, veterinary medicine, and in agriculture [1] [2] [3] [4] . Resistance may complicate the treatment of infections regardless of how mild these infections were at the early stage [5, 6] . This increasing resistance highlights the urgency of designing new effective anti-invasive drugs and developing strategies focused on overcoming drug resistance [5] [6] [7] [8] [9] . The discovery of salicylanilides dates back to early phenol applications; currently, salicylanilides are well-known organic compounds exhibiting a broad spectrum of biological activities such as anthelmintic, antibacterial, antimycobacterial, and antiviral, among others. Salicylanilides have been described to affect a wide range of targets, although the appropriate mechanism of action responsible for overall biological activities of these compounds has not been proposed so far. Thus, salicylanilides seem to be promising candidates for antibacterial agents, which could be a solution to the resistance challenges [10] [11] [12] [13] [14] [15] [16] [17] .
Results and Discussion
Chemistry
All the studied compounds were prepared according to Scheme 1. In the first step, N-(2-chlorophenyl)-2-hydroxynaphthalene-1-carboxamide (1) and N-(2-nitrophenyl)-2-hydroxynaphthalene-1-carboxamide (2) were synthesized by the microwave-assisted method [30] . In the second step, a modified method using triethylamine for activation of the phenolic group was used [24] . In a number of studies examining the biological activity of potential drugs, the relationship between lipophilicity or other descriptors and their potency have been investigated. In the current investigation, the calculated lipophilicity (log P) of the compounds as well as the electronic parameters and molar volume of R 2 substituents (see Table 1 ) were used to determine if these factors play a role in their biological activity. All the predicted molecular descriptors were calculated using the ACD/Percepta ver. 2012 program, see Table 1 . The lipophilicity, expressed as log P values, of the chlorine substituted compounds 1, 3-15 was higher (ranged from 3.94 to 5.75) than that of the nitro substituted derivatives 2, 16-28 (ranged from 3.58 to 5.55). Lipophilicity increases with lengthening of the alkyl tail. Isopropyl showed a lower lipophilicity value than propyl. Significantly lower lipophilicity values were calculated for the cycloalkyl derivatives compared with their N-alkyl isomers. For individual R 2 substituents, alkyl/cycloalkyl/arylalkyl tails of the discussed compounds, and also electronic properties expressed as electronic constants σ* were predicted; they ranged from −0.25 to 0.08. The electronic parameters (expressed as Hammett's σ parameters) of the 2-Cl moiety (compound 1) and the 2-NO 2 moiety (compound 2) were 0.22 and 0.77, respectively. Molar volume MV [cm 3 ], a parameter representing the bulk of R 2 substituents (i.e., tail length/branching) of each compound, was also calculated for the hydrophobic tail. and quality control strain. All the compounds showed only moderate or negligible activity, except ethylcarbamates 3 (R 1 = Cl) and 16 (R 1 = NO 2 ). The activity of both ethylcarbamates 3 and 16 was comparable with that of the standard ampicillin; furthermore, the effect of compound 16 against S. aureus was ca. 4-fold higher in comparison with that of the chloro derivative 3. In addition, nitrated propylcarbamate 17 showed ca. 8-fold higher activity than the corresponding chlorinated compound 4, and nitro-anilide 2 had ca. 8-fold higher effectivity against S. aureus than chloro-anilide 1.
The observation that anilides substituted by the nitro moiety on the anilide ring showed higher potency only against S. aureus and not against MRSA strains in comparison with chlorine substituted derivatives was also described by Pauk et al. [37] . It can be supposed that nitro derivatives may interact by hydrogen bonding with specific biological structures in S. aureus (that are not present in MRSA strains). These interactions are limited only for spatially small molecules, such as anilide and ethyl-, propyl-, and isopropylcarbamate, while carbamates with bulkier (long or branched) tails are not capable of these interactions. This fact was also confirmed by Zadrazilova et al., where short ethylcarbamates demonstrated higher bacteriostatic activity against various Staphylococcus strains than longer (C 9 -C 12 ) alkylcarbamates [16] . Due to the moderate activity of the rest of the compounds, no thorough structure-activity relationships could be established. Nevertheless, in general, it can be stated that the activity is influenced by similar factors/parameters as those discussed below.
In Vitro Antimycobacterial Evaluation
The evaluation of the in vitro antimycobacterial activity of the compounds was performed against Mycobacterium marinum CAMP 5644 (MM) and M. kansasii DSM 44162 (MK), see Table 1 . To lower risks and make manipulation in the laboratory easier, surrogate model pathogens for M. tuberculosis can be used in laboratory studies. Mycobacterium marinum is very closely related to M. tuberculosis and is the cause of tuberculosis-like infections in poikilothermic organisms, especially frogs and fish. M. marinum is a good model for study especially because of the lower risk for laboratory workers, genetic relatedness, and pathology similar to human tuberculosis [38] . However, because of M. tuberculosis, the pathogenic role of nontuberculous mycobacteria (NTM) in humans was underestimated for a long time [39] . M. kansasii, the most virulent of the NTM, causes nontuberculous mycobacterial lung infections that are very common nowadays and can be indistinguishable from tuberculosis [40] . Therefore, additionally M. kansasii was chosen as a model species for screening of prospective antimycobacterial drugs to control mycobacterial diseases. The activity of the compounds was expressed as the minimum inhibitory concentration (MIC) that is defined for mycobacteria as a 90% or greater (IC 90 ) reduction of growth in comparison with the control [41] .
It can be stated that the potency of almost all discussed compounds is the same against both mycobacterial strains (see Table 1 ). Similarly, as mentioned above, ethylcarbamates 3 (R 1 = Cl) and 16 (R 1 = NO 2 ) showed the highest antimycobacterial activity (MICs = 21 µM). In addition, propylcarbamates 4 (R 1 = Cl) and 17 (R 2 = NO 2 ) expressed substantial activity (MICs ca. 40 µM). The dependences of the antimycobacterial activity expressed as log (1/MIC) on the lipophilicity (log P) of the compounds as well as on the bulkiness/molar volume (MV [cm 3 ]) of individual alkyl/cycloalkyl/arylalkyl chains are illustrated in Figure 1A ,B. Practically the same structure-activity relationships can be found for both series; therefore they are illustrated only for M. kansasii. The activity rapidly decreases with lipophilicity and with substituent bulkiness, increasing up to log P ca. 4.4 or MV ca. 80 cm 3 (R 2 = butyl or cyclopentyl), respectively, and then remains practically constant (or increases insignificantly) with increasing lipophilicity/bulkiness (see Figure 1A ,B). For example, correlation factor r = 0.9919, n = 10 (compounds 3-5, 10, 11, 16-18, 23, 24) of the dependence of activity on the bulkiness of the R 2 substituent can be calculated. It seems that the activity is also secondarily influenced by the electronic properties of R 2 substituents expressed as electronic constants σ*, because it can be stated that the more the σ* values approximate −0.11 (i.e., the less electron donor properties are), the higher the activity is (see Figure 2) . In the previous studies [24, 42] , the most potent carbamates were substituted by a longer tail, which is connected with their surface activity. In this case, no dependence of antibacterial/antimycobacterial effects on surface activity was observed. As ethylcarbamates showed the highest activity in the discussed screening and propyl-and isopropyl-carbamates showed medium activity, it seems that steric requirements (spatially small molecules) play a significant role for a good biological effect. Similar facts were recently described, for example, by Kratky et al., where carbamates with spatially bulky tails expressed significantly lower activity than short-tail carbamates [43] . On the other hand, the blocking of the phenolic moiety by the carbamate group significantly increased the antimicrobial effect of these compounds. The mode of action (targets) of these compounds is questionable; however, due to the structural similarity with salicylanilides, interactions with vital enzymes, energy metabolism, as well as disturbing of the membrane architecture of prokaryotic cells may be supposed [10, 11, [13] [14] [15] [16] [17] 32, 33, 36, 44] .
In Vitro Cytotoxicity Assay
The preliminary in vitro screening of the cytotoxicity of the compounds was performed using the human monocytic leukemia THP-1 cell line. The cytotoxicity was evaluated as the LD50 value (LD50-lethal dose to 50% of the cell population), see Table 1 . A compound is considered cytotoxic when it demonstrates a toxic effect on cells at concentrations up to 10 µM [45] , and the highest tested concentration that was used for the toxicity assay was 3-fold this value. Treatment with 30 µM compounds did not lead to lethal effects on the THP-1 cells. Based on these observations, it can be concluded that the most potent compounds 3 and 16 can be considered as promising agents for subsequent design of novel antibacterial and antimycobacterial agents.
Experimental Section
General Information
All reagents were purchased from Aldrich (Sigma-Aldrich, St. Louis, MO, USA), and Alfa (Alfa-Aesar, Ward Hill, MA, USA). TLC experiments were performed on alumina-backed silica gel 60 F254 plates (Merck, Darmstadt, Germany). The plates were illuminated under UV light (254 nm) and evaluated in iodine vapour. The melting points were determined on a Kofler hot-plate apparatus HMK (Franz Kustner Nacht KG, Dresden, Germany) and are uncorrected. Infrared (IR) spectra were recorded on a Smart MIRacle™ ATR ZnSe for Nicolet™ Impact 410 FT-IR spectrometer (Thermo Scientific, West Palm Beach, FL, USA). The spectra were obtained by the accumulation of 256 scans with a 2 cm −1 resolution in the region of 4000-650 cm −1 . All 1 H-and 13 C-NMR spectra were recorded on a In the previous studies [24, 42] , the most potent carbamates were substituted by a longer tail, which is connected with their surface activity. In this case, no dependence of antibacterial/antimycobacterial effects on surface activity was observed. As ethylcarbamates showed the highest activity in the discussed screening and propyl-and isopropyl-carbamates showed medium activity, it seems that steric requirements (spatially small molecules) play a significant role for a good biological effect. Similar facts were recently described, for example, by Kratky et al., where carbamates with spatially bulky tails expressed significantly lower activity than short-tail carbamates [43] . On the other hand, the blocking of the phenolic moiety by the carbamate group significantly increased the antimicrobial effect of these compounds. The mode of action (targets) of these compounds is questionable; however, due to the structural similarity with salicylanilides, interactions with vital enzymes, energy metabolism, as well as disturbing of the membrane architecture of prokaryotic cells may be supposed [10, 11, [13] [14] [15] [16] [17] 32, 33, 36, 44] .
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Experimental Section
General Information
All reagents were purchased from Aldrich (Sigma-Aldrich, St. Louis, MO, USA), and Alfa (Alfa-Aesar, Ward Hill, MA, USA). TLC experiments were performed on alumina-backed silica gel 60 F254 plates (Merck, Darmstadt, Germany). The plates were illuminated under UV light (254 nm) and evaluated in iodine vapour. The melting points were determined on a Kofler hot-plate apparatus HMK (Franz Kustner Nacht KG, Dresden, Germany) and are uncorrected. Infrared (IR) spectra were recorded on a Smart MIRacle™ ATR ZnSe for Nicolet™ Impact 410 FT-IR spectrometer (Thermo Scientific, West Palm Beach, FL, USA). The spectra were obtained by the accumulation of 256 scans with a 2 cm −1 resolution in the region of 4000-650 cm −1 . All 1 H-and 13 C-NMR spectra were recorded on a JEOL ECZR 400 MHz NMR spectrometer (400 MHz for 1 H and 100 MHz for 13 C, JEOL, Tokyo, Japan) in DMSO-d 6 . 1 H and 13 C chemical shifts (δ) are reported in ppm. High-resolution mass spectra were measured using a high-performance liquid chromatograph Dionex UltiMate ® 3000 (Thermo Scientific) coupled with a LTQ Orbitrap XL™ Hybrid Ion Trap-Orbitrap Fourier Transform Mass Spectrometer (Thermo Scientific) with injection into HESI II in the positive mode. The lipophilicity (log P) of the final compounds, the surface tension, and the molar volume of R substituents were predicted using ACD/Percepta ver. 2012 (Advanced Chemistry Development, Inc., Toronto, ON, Canada).
Synthesis
General Procedure for Synthesis of Carbamates 3-28
The synthetic pathway and characterization of N-(2-chlorophenyl)-2-hydroxynaphthalene-1-carboxamide (1) and N-(2-nitrophenyl)-2-hydroxynaphthalene-1-carboxamide (2) were described recently by Gonec et al. [30] . Anilides 1 and 2 (1.0 mmol) and triethylamine (1.1 mmol) were dissolved in dry acetonitrile (10 mL). The solution of the appropriate alkyl isocyanate (1.2 mmol) in acetonitrile (5 mL) was added in four portions within 2 h, and the reacting mixture was stirred for 24 h at ambient temperature. The solvent was evaporated under reduced pressure, and the solid residue was washed with methanol and ethyl acetate to give pure product. All the studied compounds are presented in Table 1 . 2924, 1725, 1673, 1587, 1525, 1516, 1463, 1440, 1301, 1241, 1210, 1037, 995, 813 31 (m, 6H) , 0.85 (t, J = 6.9 Hz, 3H); 13 
1-[(2-Chlorophenyl)carbamoyl]naphthalen-2-yl ethylcarbamate (3)
.
In Vitro Antibacterial Susceptibility Testing
The synthesized compounds were evaluated for in vitro antibacterial activity against representatives of multidrug-resistant bacteria and clinical isolates of methicillin-resistant Staphylococcus aureus (MRSA) SA 630 and SA 3202, that were obtained from the National Institute of Public Health (Prague, Czech Republic). Staphylococcus aureus ATCC 29213 was used as a reference and quality control strain. Ampicillin (Sigma-Aldrich) was used as the standard. Prior to testing, each strain was passaged onto nutrient agar (Oxoid, Hampshire, UK) with 5% of bovine blood, and bacterial inocula were prepared by suspending a small portion of bacterial colony in sterile phosphate buffered saline (pH 7.2-7.3). The cell density was adjusted to 0.5 McFarland units using a densitometer (Densi-La-Meter, LIAP, Riga, Latvia). The final inoculum was made to a 1:20 dilution of the suspension with the Mueller-Hinton broth (MH broth). The compounds were dissolved in DMSO (Sigma), and the final concentration of DMSO in the MH broth (Oxoid) did not exceed 2.5% of the total solution composition. The final concentrations of the evaluated compounds ranged from 256 µg/mL to 0.008 µg/mL. The broth dilution micro-method, modified according to NCCLS (National Committee for Clinical Laboratory Standards) guidelines [46, 47] in MH broth, was used to determine the minimum inhibitory concentration (MIC). Drug-free controls, sterility controls, and controls consisting of MH broth and DMSO alone were included. The determination of results was performed visually after 24 h of static incubation in the darkness at 37 • C in an aerobic atmosphere. The MICs were defined as the lowest concentration of the compound at which no visible bacterial growth was observed. The results are summarized in Table 1 .
In Vitro Antimycobacterial Evaluation
The evaluation of the in vitro antimycobacterial activity of the compounds was performed against Mycobacterium marinum CAMP 5644 and M. kansasii DSM 44162. The broth dilution micro-method in Middlebrook 7H9 medium (Difco, Lawrence, KS, USA) supplemented with ADC Enrichment (Becton, Dickinson & Comp., Franklin Lakes, NJ, USA) was used to determine the minimum inhibitory concentration (MIC), as previously described [48] . The compounds were dissolved in DMSO (Sigma-Aldrich), and the final concentration of DMSO did not exceed 2.5% of the total solution composition. The final concentrations of the evaluated compounds, ranging from 256 µg/mL to 0.125 µg/mL, were obtained by twofold serial dilution of the stock solution in a microtiter plate with sterile medium. Bacterial inocula were prepared by transferring colonies from the culture to sterile water. The cell density was adjusted to 0.5 McFarland units using a densitometer (Densi-La-Meter, LIAP, Riga, Latvia). The final inoculum was made by 1:1000 dilution of the suspension with sterile water. Drug-free controls, sterility controls, and controls consisting of the medium and DMSO alone were included. The determination of results was performed visually after 7 days of static incubation in the darkness at 37 • C in an aerobic atmosphere for M. kansasii and after 21 days of static incubation in the darkness at 28 • C in an aerobic atmosphere for M. marinum. The minimum inhibitory concentration (MIC) was defined as the lowest concentration of the compound at which no visible bacterial growth was observed. The MIC value is routinely and widely used in bacterial assays and is a standard detection limit according to the Clinical and Laboratory Standards Institute (CLSI) [49] . Isoniazid (Sigma-Aldrich) was used as the reference antibacterial drug. The results are summarized in Table 1 .
